Abstract. A viscoplastic constitutive equation based on the kinematic hardening creep theory of Malinin-Khadjinsky and the nonlinear kinematic hardening rule of Armstrong-Frederick is formulated to describe the inelastic behavior of high-density polyethylene under various loading. The gentle progress of back stress by the introduction of loading surface in the viscoplastic strain space and smaller material constant under unloading can be expressed. Material constants are identified by various stress-strain curves under compression at constant strain rate and creep curves under compression at constant stress. The viscoplastic model can describe stress-strain curve under compression with change in strain rate and shear stress-strain curve including unloading. The model can qualitatively describe stress-strain curves under compression with changed strain rate including unloading, but it is quantitatively insufficient.
Introduction
The solid polymers have a marked strain rate dependence on the mechanical properties even at room temperature [1] . The over stress model for viscoplasticity based on total strain by Krempl [2] is adopted to describe the mechanical behaviors for solid polymer [3] [4] [5] [6] [7] . This model can well describe the experimental results of stress-strain curve under constant strain rate, stress relaxation curves, creep curves, and stress-strain curves under sudden change of strain rate [3] . The modified over stress model for temperature dependence can also well express that of stress-strain curves and stress relaxation ones [5] . The over stress model is applied to reproduce the experimental deformation behavior of beams [6] . The over stress model can fairly well describe the experimental results of stress-strain curves under combined tension-torsion, but the new facts required for considering the constitutive law are pointed out for the strain paths with strain reversal [7] . Krempl and Ho [8] modified the over stress model to express a different curve on loading and unloading.
An epoxy resin (thermosetting plastic) had a similar behavior as thermoplastics mentioned above, such as the rate of loading, loading path and hydrostatic pressure dependence, but it showed a strong nonlinear viscoelastic deformation behavior [9] . Its nonlinear differential visoelastic constitutive model has been developed [10] . This model can distinguish between loading and unloading cases by introducing a current loading surface and a corresponding switch rule. Mizuno and Hida [11] also have performed several experiments on inelastic deformation of epoxy under fundamental loading conditions, and formulated the inelastic constitutive equation that has been developed for CFRP (continuous carbon fiber reinforced epoxy) [12] . The model was formulated by combining the kinematic hardening creep theory of Malinin and Khadjinsky [13] with the nonlinear kinematic hardening rule of Armstrong and Frederick [14] . The nonlinear kinematic hardening rule was modified in order to describe the strain recovery under reverse loading.
In order to describe the inelastic deformation behavior for high-density polyethylene of semicrystalline polymer [3, 15, 16] , we employ the the kinematic hardening creep theory of Malinin and Khadjinsky [13] with the nonlinear kinematic hardening rule of Armstrong and Frederick [14] as a same framework of the constitutive equation for the epoxy resin [11] and CFRP [12] . The nonlinear kinematic hardening rule to express the significant strain recovery during reverse loading is modified.
A loading surface for a criterion of loading-unloading is defined in a viscoplastic strain space. We assume that the evolution equation of a back stress can distinguish between loading and unloading only by using a different material constant.
Viscoplastic Constitutive Equation
Small deformation is assumed for the simplification. The total strain rate ij ε& is assumed to be the sum of an elastic strain rate e ij ε& and a viscoplastic strain rate
The elastic deformation is subjected to Hook's law, and then the elastic strain rate e ij ε& is presented by a stress rate σ& as follows:
where E , ν and ij δ represent the Young's modulus and the Poisson's ratio, and the Kronecker delta, respectively. The viscoplastic strain rate is derived from the kinematic hardening creep theory of Malinin and Khadjinsky [13] . The volume change after plastic deformation of polymers is markedly small [17] , similar to that of the metals. We assume that the viscoplastic deformation for high-density polyethylene is independent of hydrostatic pressure and incompressible. A viscoplastic potential g is given by
where ij ξ is the effective stress. It is defined by
where ij s is a deviator of a stress tenor ij σ , and ij a , which represents the center of the viscoplastic potential surface g = 0 in the deviatoric stress space, is that of a back stress tensor ij α .
It postulates that the viscoplastic potential is convex and the viscoplastic strain rate is given by
where Λ is a positive scalar function depending on a stress and a stress path. An equivalent effective stress ξ and an equivalent viscoplatic strain rate v ε& are defined as follows:
We thus have the viscoplastic strain rate in equation (5) as follows:
A relationship between the equivalent effective stress and the equivalent viscoplastic strain rate is given by a creep constitutive equation in a uniaxial stress state. The Sorderberg's rule [18] in many relationships proposed for metals at elevated temperature [19] is adopted by
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where n and K are material constants. It can be also proper to describe the behavior of the epoxy resin [11] and CFRP [12] . We assume that evolution equation of a back stress is the sum of a linear term and a nonlinear term as follows:
The [20] , and Armstrong and Frederick [14] , respectively. A, b 1 and C in equation (9) are material constants.
Modified Evolution Equation of Back Stress
The evolution equation of the nonlinear term of the back stress in equation (9c) is modified to describe the significant recovery during reverse loading. In order to distinguish between loading and unloading , a loading surface is defined in a viscoplastic strain space as follows:
where ρ represents a radius of the loading surface, which is depicted as a hypersphere. Development of the loading surface with a criterion of loading and unloading is prescribed as follows: ε . On the other hand, a viscoplastic strain exists inside the loading surface during unloading, and ρ is constant. We can understand that ρ is a scalar parameter which memorizes the maximum equivalent viscoplastic strain so far. Similar memory surfaces have been already introduced by Ohno [21] in a plastic strain space, and Murakami and Ohno [22] in a creep strain space. The evolution equation of the back stress in nonlinear term is modified as follows:
where b 2 is a new material constant, and can be identified by fitting the calculated result of stress-strain curve during unloading to the experimental one. By using the value of b 2 smaller than that of b 1 , the back stress progresses gradually.
Results and Discussion
Mechanical Behavior under Uniaxial Compression Material constants used for high-density polyethylene are determined by fitting the calculated results to the experimental results [3] of stress-strain curves under compression at constants strain rate and creep curves under compression at constant stress. Figure 1 shows the identification of material constants. The solid line and the symbols in this figure represent calculated ones together with the following material constants equation (13) 
The experimental results can be described with good accuracy by this model.
(a) Stress-strain curves under compression at constant strain rate.
(b) Creep curves under compression at constant stress. Figure 1 : Identification of material constants. Figure 2 shows the experimental result of stress-strain curve under compression with sudden change in strain rate and result calculated using equation (14) . The first change in strain rate at strain 0.05 decreases from calculated results together with the material constants equation (13) and experimental ones [3] , respectively. The dotted line indicates the calculated results of stress-strain curves under compression at constant strain rate. This model also describes the experimental result well in a similar manner with the over stress model [3] . Reverse Torsion Figure 3 shows the experimental result of shear stress-strain curve under reverse torsion at shear strain 0.13 with constant shear strain rate (13) were used except C =10MPa because of the different grade of high-density polyethylene. The experimental result shows significant strain recovery after the reversal of the loading direction, and AF-model can not describe the strain recovery properly. Our model can describe the strain recovery during unloading in comparison with AF model. 
Conclusions
We employ the kinematic hardening creep theory of Malinin and Khadjinsky with the nonlinear kinematic hardening rule of Armstrong and Frederick to describe the inelastic deformation behavior for high-density polyethylene of semicrystalline polymeras. The nonlinear kinematic hardening rule to express the significant strain recovery during reverse loading is modified. A loading surface for a criterion of loading-unloading is defined in a viscoplastic strain space. We assume that the evolution equation of a back stress can distinguish between loading and unloading only by using a different Experimental [15] b2=20(P resent model) b2=50(AF mo del) C alculated C alculated C alculated C alculated material constant. Material constants are identified by various stress-strain curves under compression at constant strain rate and creep curves under compression at constant stress. The present model can describe stress-strain curve under compression with change in strain rate and shear stress-strain curve including unloading. It can qualitatively describe stress-strain curves under compression with changed strain rate including unloading, but it is quantitatively insufficient.
